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Abstract 
Water curtain could dilute leaking poisonous gas or obstruct the diffusion of the poisonous gas to the sensitivity regions safely, efficiently 
and quickly. So it was very important to understand diffusion mechanism of the heavy gas diluted by water curtain and explore pattern of 
the effect of water curtain’s setting parameter on the diffusion capacity of heavy gas diluted with water curtain. In this paper, experiments 
of fan water curtain and cone water curtain diluting CO2 in open space were done. According to experiment results, dilution mechanism of 
fan water curtain and cone water curtain were obtained. The protective screen formed by fan water curtain could obstruct heavy gas 
diffusion effectively, and fan water curtain could also disperse heavy gas upwards through the mechanical effect. Cone water curtain 
would atomize the water and mix the heavy gas and air intensively with the help of air entrainment to dilute the heavy gas clouds. On this 
basis, it was concluded that when water curtain was opened before heavy gas passed through water curtain and the cone water curtain was 
installed in front of the fan water curtain, dilution effect was better. When water curtain was opened after heavy gas passed through water 
curtain and the fan water curtain was installed in front of the cone water curtain, dilution effect was better. 
 
© 2012 The Authors. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Beijing Institute of 
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1. Introduction 
It was critical to prevent and mitigate water-insoluble heavy gas release Water curtain was usually inexpensive, simple 
and reliable equipment[1-4] to be used in accident. It had been recognized as an efficient technique to control and mitigate 
various heavy gases in the process industries. The property of water curtain depended on its own characteristics and external 
factors. There were two types of water curtain nozzles. One was fan water curtain nozzle and the other was cone water 
curtain nozzle. And different water curtain nozzles had different dilution mechanism. Therefore, it was important to 
understand different dilution mechanism of water curtain for optimizing water curtain system settings and guiding fire 
engineering designs. Morshed[5-6] concluded the different characteristics of the two nozzles. Droplets of fan water curtain 
had large dropsize(from 3mm to 1.25mm), which lead to fan water curtain had  strong continuity. But the droplets of cone 
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water curtain was small (dropsize was from 1.25mm to0.25mm). Fthenakis[7-9] diluted LNG gas with different types of 
water curtain and summarized dilution mechanism of the water curtain through the concentration and heat variation of LNG 
gas. O. Isnard[10] built RED model on the basis of air entrainment equation, which could be used to calculate the volume of 
air entrainment. Zhang[11-12] proved the effectiveness of water curtain to dilute heavy gas cloud. But the mechanism of the 
water-insoluble heavy gas diluted by water curtain still was not very clear. And simple and feasible water curtain settings 
guide on water-insoluble heavy gas were not proposed. On basis of experimental researches, dilution mechanism of water-
insoluble heavy gas diluted by different water curtain models was concluded. 
2. Experimental study  
2.1. Water curtain system  
The water curtain system included rotor flowmeter, valves, pressure gauge, and water curtain nozzle. The water pressure 
was 0.2MPa; water curtain injected upwards. The parameters of nozzles were shown in Table 1. 
                                              Table 1. Nozzles parameters 
Nozzle model Flow coefficient  Extending angle 
Fan water curtain ZSTM-15A 35 160 10  
Cone water curtain ZSTWB 
34/60 
35 60  
2.2. Gas releasing system 
CO2 was used as the water-insoluble heavy gas in the experiment. The CO2 concentration was 99%, which was packed in 
the 40L steel cylinder with the pressure of 10.0MPa. The gas cylinder connected with pressure reducing valve at the exit, 
and pressure reducing valve connected with external gas flowmeter. The outlet diameter of pipe was 6 mm and the gas 
leakage direction was the same as ground level. 
2.3. Data collection 
Data collection system was formed by Infrared CO2 concentration sensor, transmitter, data acquisition instrument and 
computer data processing system. Six CO2 concentration sensors were installed downwind at No.1 test point(x=6m
y=0m z=0.3m), No.2 test point(6, 0, 0.6), No.3 test point(6, 0, 0.8), No.4 test point(8, 0, 0.3), No.5 test point(8, 0, 0.6), 
and No.6 test point(8, 0, 0.8) respectively(x referred to the distance from test point to leakage source along the wind 
direction; y referred to the distance from test point to wind direction; z referred to the height from test point to ground). 
2.4. Initial condition 
The ambient temperature was 20 5 .It was sunny. Wind speed was 0-0.5m/s. CO2 leakage flow rate was 6m³/h. The 
height of leakage source was 1.2m. Water curtain was located between leakage source and test points at the distance of 2m. 
3. Analysis and discussion of experimental results  
3.1. Comparison between fan water curtain and cone water curtain 
3.1.1. Water curtain was opened at 0s 
Water curtain was opened when the heavy gas leaked. Variation diagram of the CO2 concentration (10
-6) with time at the 
six test points behind the fan water curtain was shown in Fig1(a)(Y-axis referred to difference between CO2 concentration at 
the six test points and in air). Fig 1(b) referred to variation diagram of the CO2 concentration (10
-6) with time behind the 
cone water curtain. And average value of the CO2 concentration (10
-6) was shown in Tab 2. The conclusion could be 
obtained from Fig 1(a) and Fig 1(b) that the concentration at the downwind of the fan water curtain was lower than that at 
the downwind of the cone water curtain and was fluctuated around a stable value. But the CO2 concentration at the 
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downwind of the cone water curtain had a rising trend. Droplets of fan water curtain were large and had strong continuity, 
and the extending angle of fan water curtain was so big that a protective screen could be formed to obstruct most of CO2 
effectively. While droplets of cone water curtain were small and had larger porosity, and the cone water curtain’s extending 
angle was also smaller, therefore, it was easy for CO2 to penetrate core water curtain, leading to the concentration at the 
downwind of the cone water curtain was higher and had a rising trend. 
It was shown in Fig 1(a) and Tab 2 that when CO2 dispersed freely, the concentrations at each test point changed from 
1008.435 10-6 to 3500.315 10-6. When test point positions were lower and the distance from test points to leakage 
source was closer, the concentration was higher. And when fan water curtain and cone water curtain were opened, the 
concentration at each test point changed from 35.249 10-6 to 388.437 10-6, which showed that fan water curtain or cone 
water curtain could dilute heavy gas clouds diffusion effectively. When fan water curtain was opened, with the distance 
from test point positions to the ground becoming higher, the concentration became higher. When cone water curtain was 
opened, the lower the test point positions were, the higher the concentration behind the water curtain was, which resulted 
from that the droplets of the fan water curtain were larger and droplets themselves drove gas upwards through the 
mechanical effect so that the concentration was higher at the higher point. The extending angle of the cone water curtain 
was small so that part of CO2 penetrated at the bottom of water curtain, leading to higher concentration at lower test point. 
And the droplets of the cone water curtain were smaller and capacity of air entrainment was large so that CO2 and air were 
mixed intensively. Because of this, the concentration at the different height downwind was almost the same. 
                             Table 2. Average value of the CO2 concentration (10-6) behind the water curtain 
Test points No.1 No.2 No.3 No.4 No.5 No.6 
No water curtain 3500.315 2697.185 2016.877 2629.068 1771.56 1008.435 
Fan water curtain 102.562 128.563 109.688 49.062 61.000 67.437
Cone water curtain 378.437 371.562 365.313 274.062 243.438 254.063 
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Fig. 1. Bariation diagram of the CO2 concentration (10-6) with time behind (a) the fan water curtain and (b) the cone water curtain. 
3.1.2. Water curtain was opened at 180s 
Water curtain was opened when heavy gas had leaked 180 seconds. (When CO2 had leaked 180s, the concentration 
reached the highest level and remained stable.) Variation diagram of the CO2 concentration (10
-6) with time at six test points 
behind fan water curtain and cone water curtain were shown in Fig. 2 (a) and Fig. 2 (b) respectively. It was shown in Fig. 2 
(a) and Fig. 2 (b) that CO2 concentration at the downwind of the fan curtain water was higher than that at the downwind of 
the cone water curtain. Dilution effect of cone water curtain was better than that of fan water curtain, which resulted from 
that CO2 had diffused freely 180 seconds, and then there had been higher concentration. When water curtain pressure and 
flow coefficient were same and the droplets of water curtain became smaller, the capacity of air entrainment became larger, 
and the ability of dispersing heavy gas turned stronger. The droplets of cone curtain water were smaller than that of the fan 
water curtain, but it could entrain more air. Therefore, when CO2 had penetrated water curtain, dilution effect of cone water 
curtain was better than that of fan water curtain. 
Average value of the CO2 concentration (10
-6) at the downwind was shown in Tab. 3.It could be seen from Fig. 2 and Tab. 
3 that when CO2 diffused freely, the CO2 concentration was in line with the general laws of the heavy gas diffusion. When 
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fan water curtain was opened, the concentration behind water curtain decreased quickly. With the distance from test points 
to ground became higher, the concentration became higher. The longer distance from test points to leakage source was, the 
greater concentration was. When cone water curtain was opened, the concentration behind the water curtain decreased. But 
the concentration at each test point was almost the same. Droplets of fan water curtain drove gas upwards through its 
mechanical effect so that the concentration at the high point became higher. At the same time, the droplets lead to air 
turbulence, which dispersed CO2. The droplets of cone water curtain were small. Therefore, cone water curtain could mix 
CO2 and air with the help of air entrainment, and CO2 was more evenly distributed in the space. 
Table 3. Average value of the CO2 concentration (10-6) behind the water curtain 
Test points No.1 No.2 No.3 No.4 No.5 No.6 
No water curtain 3500.315 2697.185 2016.877 2629.068 1771.56 1008.435 
Fan water curtain 222.125 271.813 390.248 430.876 443.068 448.188 
Cone water curtain 216.25 231.875 199.688 206.876 206.562 208.437 
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Fig. 2. Bariation diagram of the CO2 concentration (10-6) with time behind (a) the fan water curtain and (b) the cone water curtain. 
3.2. Comparison between the fan water curtain and the cone water curtain installed in series 
3.2.1. Water curtain was opened at 0s 
Water curtain was opened when the heavy gas leaked. Variation diagram of the CO2 concentration (10
-6) with time at the 
six test points behind the fan water curtain was shown in Fig1(a)(Y-axis referred to difference between CO2 concentration at 
the six test points and in air). Fig 1(b) referred to variation diagram of the CO2 concentration (10
-6) with time behind the 
cone water curtain. And average value of the CO2 concentration (10
-6) was shown in Tab 2. The conclusion could be 
obtained from Fig 1(a) and Fig 1(b) that the concentration at the downwind of the fan water curtain was lower than that at 
the downwind of the cone water curtain and was fluctuated around a stable value. But the CO2 concentration at the 
downwind of the cone water curtain had a rising trend. Droplets of fan water curtain were large and had strong continuity, 
and the extending angle of fan water curtain was so big that a protective screen could be formed to obstruct most of CO2 
effectively. While droplets of cone water curtain were small and had larger porosity, and the cone water curtain’s extending 
angle was also smaller, therefore, it was easy for CO2 to penetrate core water curtain, leading to the concentration at the 
downwind of the cone water curtain was higher and had a rising trend. 
It was shown in Fig 1(a) and Tab 2 that when CO2 dispersed freely, the concentrations at each test point changed from 
1008.435 10-6 to 3500.315 10-6. When test point positions were lower and the distance from test points to leakage 
source was closer, the concentration was higher. And when fan water curtain and cone water curtain were opened, the 
concentration at each test point changed from 35.249 10-6 to 388.437 10-6, which showed that fan water curtain or cone 
water curtain could dilute heavy gas clouds diffusion effectively. When fan water curtain was opened, with the distance 
from test point positions to the ground becoming higher, the concentration became higher. When cone water curtain was 
opened, the lower the test point positions were, the higher the concentration behind the water curtain was, which resulted 
from that the droplets of the fan water curtain were larger and droplets themselves drove gas upwards through the 
mechanical effect so that the concentration was higher at the higher point. The extending angle of the cone water curtain 
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was small so that part of CO2 penetrated at the bottom of water curtain, leading to higher concentration at lower test point. 
And the droplets of the cone water curtain were smaller and capacity of air entrainment was large so that CO2 and air were 
mixed intensively. Because of this, the concentration at the different height downwind was almost the same. 
                             Table 4. Average value of the CO2 concentration (10-6) behind the water curtain 
Test points No.1 No.2 No.3 No.4 No.5 No.6 
Fan water curtain 
before cone water 
curtain 
46.249 66.813 78.125 28.126 46.251 52.500 
Cone water curtain 
before fan water 
curtain 
7.188 13.000 12.938 0 0 0
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Fig. 3. Variation diagram of the CO2 concentration with time when (a) fan water curtain before cone water curtain and (b) cone water curtain before water 
curtain in series. 
3.2.2. Water curtain was opened at 180s 
Water curtain was opened when the heavy gas had leaked 180 seconds. Variation diagram of the CO2 concentration with 
time at six test points behind water curtain when the fan water curtain and the cone water curtain were installed in series was 
shown in Fig.4. Average value of the CO2 concentration (10
-6) at six test points behind water curtain was shown in Tab.5. It 
was shown in Fig.4 and Tab.5 that when fan water curtain was installed in front of cone water curtain, CO2 concentration at 
the downwind changed from 115.625 10-6 to 255.938 10-6, and dilution effect was better than that of a water curtain 
nozzle. When cone water curtain was installed in front of fan water curtain, the concentration at the downwind was higher 
than that of a water curtain nozzle, and CO2  had been diffused to test point positions. When water curtain was opened, the 
fan water curtain ahead could obstruct leaking CO2 and the cone water curtain could dilute those CO2.which had been 
diffused to test point positions. So the concentration was lower than that of a single water curtain nozzle. When cone water 
curtain was located ahead, fan water curtain could form a protective screen to obstruct air entrainment at the rear-end 
boundary layer of the cone water curtain, which lead to CO2 was difficult to be diluted. For this reason, dilution effect was 
worse than that of a single cone water curtain. 
Table 5. Average value of the CO2 concentration (10-6) behind the water curtain 
Test points No.1 No.2 No.3 No.4 No.5 No.6 
Fan water curtain 
before cone water 
curtain 
144.25 134.875 115.625 255.938 231.625 219.25
Cone water curtain 
before fan water 
curtain 
650.50 550.69 503.75 881.94 785.31 735.69
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Fig. 4. Variation diagram of the CO2 concentration with time when (a) fan water curtain before cone water curtain and (b) cone water curtain before water 
curtain in series. 
4. Conclusions 
(1)The droplets of fan water curtain were large and had strong continuity, and its extending angle was also big, so a 
protective screen could be formed to obstruct diffusion of heavy gas effectively. And the droplets of fan water curtain drove 
heavy gas upwards through its mechanical effect. At the same time, large droplets lead to air turbulence to disperse heavy 
gas so that heavy gas clouds were diluted. 
(2)The cone water curtain had smaller droplets, and atomized water in a larger scale, which lead to large air entrainment. 
So heavy gas and air could be mixed intensively, and then heavy gas clouds were diluted. 
(3) Water curtain was opened when the heavy gas leaked, the dilution effect of the fan water curtain was better. Water 
curtain was opened when the heavy gas had leaked a period of time, dilution effect of the cone water curtain was better.  
(4) Water curtain was opened when the heavy gas leaked, and when the cone water curtain was installed in front of the 
fan water curtain, dilution effect was better. Water curtain was opened when the heavy gas had leaked a period of time. 
When the fan water curtain was installed in front of the cone water curtain, dilution effect was better. 
Acknowledgements 
The authors would like to thank the anonymous reviewers for valuable comments and suggestions. 
References 
[1] GE Xiaoxia,JI Hongyu, 2007. Experiments On the Attenuation of Radiation by Fire Water Curtain. Fire Safety Science, 1(1), p. 72-80 
[2] CAI Zhigang,LI Huiliang, 2004. Experimental Studies on Flow Field Diagnosis and Thermal Radiation Blockage of Water Curtain. Fire Safety Science, 
13(4), p. 224-230. 
[3] QIN Jun, YAO Bin, 1998. Experimental Study on Fireproof Water Curtain for the Oil Storage Area. Fire Safety Science, 8(4), p. 38-43. 
[4] DONG Hui, ZOU Gaowan, 2002. Large Scale Fire Experiment System with Laser Devices Checking Smoke Blockage by Water Curtain. Journal of 
Harbin Engineering University, 23(5), p. 80-83. 
[5] Morshed A. Rana, Benjamin R. Cormier, Jaffee A. Suardin, 2008. Experimental Study of Effective Water Spray Curtain Application in Dispersing 
Liquefied Natural Gas Vapor Clouds. Process Safety Progress, 27(4), p. 345-353.  
[6] Morshed A. Rana, M. Sam Mannan, 2010. Forced dispersion of LNG vapor with water curtain. Journal of Loss Prevention in the Process Industries, 23, 
p. 768-772.  
[7] V. M. Fthenakis, 2005. Heavy Gas Dispersion Modelling Over a Topographically Complex Mesoscale a CFD Based Approach. Process Safety and 
Environmental Protection, 5, p. 242 256. 
[8] V. M. Fthenakis, D.N. Blewitt, 1995. Recent developments in modeling mitigation of accidental releases of hazardous gases. Journal of Loss 
Prevention In the industries, 8(2), p.71-77. 
[9] V. M. Fthenakis, 1999. HGSYSTEM: a Review, Critique, and Comparison with Other Models. Journal of Loss Prevention in the Process Industries, 12, 
p. 525-137  
[10] O. Isnard, 1999. Numerical simulation of ammonia dispersion around a water curtain. Journal of Loss Prevention in the Process Industries, 12, p. 471–
477. 
[11] ZHANG Hongxue, PAN Xuhai, 2009. Research Progress of the Water Spray Curtain Mitigating Heavy Gas Dispersion. Industrial Safety and 
Environmental Protection, 35(9), p. 32-34. 
[12] ZHANG Hongxue, PAN Xuhai, 2010. Experimental Study on Water Curtain Restraining the Heavy Gas. Fire Science and Technology,29(2), p. 96-98. 
